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abstract
 
Gating by cGMP and voltage of the 
 
a
 
 subunit of the cGMP-gated channel from rod photoreceptor
 
was examined with a patch-clamp technique. The channels were expressed in 
 
Xenopus
 
 oocytes. At low [cGMP]
(
 
,
 
20 
 
m
 
M), the current displayed strong outward rectiﬁcation. At low and high (700 
 
m
 
M) [cGMP], the channel ac-
tivity was dominated by only one conductance level. Therefore, the outward rectiﬁcation at low [cGMP] results
 
solely from an increase in the open probability, 
 
P
 
o
 
. Kinetic analysis of single-channel openings revealed two expo-
nential distributions. At low [cGMP], the larger 
 
P
 
o
 
 at positive voltages with respect to negative voltages is caused by
an increased frequency of openings in both components of the open-time distribution. In macroscopic currents,
depolarizing voltage steps, starting from 
 
2
 
100 mV, generated a time-dependent current that increased with the
step size (activation). At low [cGMP] (20 
 
m
 
M), the degree of activation was large and the time course was slow,
whereas at saturating [cGMP] (7 mM) the respective changes were small and fast. The dose–response relation at
 
2
 
100 mV was shifted to the right and saturated at signiﬁcantly lower 
 
P
 
o
 
 values with respect to that at 
 
1
 
100 mV
(0.77 vs. 0.96). 
 
P
 
o
 
 was determined as function of the [cGMP] (at 
 
1
 
100 and 
 
2
 
100 mV) and voltage (at 20, 70, and
700 
 
m
 
M, and 7 mM cGMP). Both relations could be ﬁtted with an allosteric state model consisting of four inde-
pendent cGMP-binding reactions and one voltage-dependent allosteric opening reaction. At saturating [cGMP]
(7 mM), the activation time course was monoexponential, which allowed us to determine the individual rate con-
stants for the allosteric reaction. For the rapid rate constants of cGMP binding and unbinding, lower limits are de-
termined. It is concluded that an allosteric model consisting of four independent cGMP-binding reactions and
one voltage-dependent allosteric reaction, describes the cGMP- and voltage-dependent gating of cGMP-gated
channels adequately.
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INTRODUCTION
 
Cyclic GMP-gated (CNG)
 
1
 
 channels play a central role
in vertebrate phototransduction by controlling the ﬂow
of cations across the plasma membrane of rod and
cone photoreceptors. While the principal physiological
properties of the rod cGMP-gated channel have been
known for some time (for reviews see Yau and Baylor,
1989; Eismann et al., 1993; Zimmerman, 1995; Finn et
al., 1996), several basic questions about its mechanism
of opening and closing remain unresolved.
The light-sensitive current ﬂowing through cGMP-
gated channels shows a pronounced outward rectiﬁca-
tion (Bader et al., 1979) and is almost constant within
the range of voltages at which rod photoreceptors op-
erate (
 
2
 
30 to 
 
2
 
70 mV). This outward rectiﬁcation,
which is greatly alleviated in the absence of divalent cat-
ions, has been attributed to the voltage-dependent
blockage by external Ca
 
2
 
1
 
 and Mg
 
2
 
1
 
 (Matthews, 1986;
Stern et al., 1986; Yau et al., 1986; Zimmerman and Bay-
lor, 1992). At low cGMP concentrations ([cGMP]),
however, the current–voltage (IV) relation is outwardly
rectifying even in the absence of divalent cations on
both sides of the membrane (Kaupp and Altenhofen,
1992). This effect could account for a major fraction of
the outward rectiﬁcation of the light-sensitive current
in intact rods because, in the dark, [cGMP] is only a
few micromolar and is further decreased by light (Yau
et al., 1986).
The cGMP-dependent rectiﬁcation could be gener-
ated either by a voltage-dependent incidence of sub-
conductance levels (sublevels) at unchanged open prob-
 
ability or by a voltage-dependent open probability
at unchanged single channel conductance. The ﬁrst
mechanism is particularly appealing, because the
cGMP-gated channel is cooperatively activated by bind-
ing of several cGMP molecules (for review see Kaupp,
1995; Yau and Baylor, 1989). At low [cGMP], sublevels
could correspond to opening of partially liganded
channels. In fact, several investigators have noticed sub-
levels preferentially at subsaturating [cGMP] (Hanke et
al., 1988; Ildéfonse and Bennett, 1991; Taylor and Bay-
lor, 1995; Ruiz and Karpen, 1997).
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Abbreviations used in this paper:
 
 CNG channel, cyclic GMP-gated
channel; IV, current–voltage. 
478
 
Gating of Single Cyclic GMP–gated Channels
 
Presently used kinetic models for the gating of CNG
channels assume either that the channel has to be fully
liganded to open (linear state models; Karpen et al.,
1988; Tanaka et al., 1989; Gordon and Zagotta, 1995;
Varnum et al., 1995) or that opening may already occur
in the partially liganded channel (allosteric models;
Il-défonse et al., 1992; Goulding et al., 1994; Varnum
and Zagotta, 1996) according to the Monod-Wyman-
Changeux model that describes allosteric transitions in
proteins (Monod et al., 1965).
In an effort to understand the cGMP-dependent rec-
tiﬁcation, we studied single-channel and macroscopic
currents. In the single-channel experiments, we took
advantage of the superior resolution of thick-walled
glass pipettes and the slower open-close kinetics of ho-
mooligomeric 
 
a
 
 subunits compared with the fast “ﬂick-
ery” kinetics of the native channels (Haynes et al., 1986;
Zimmerman and Baylor, 1986; Matthews and Wa-
tanabe, 1987; Taylor and Baylor, 1995). We show that
subconductance states are extremely rare events at all
[cGMP] and that the outward rectiﬁcation is caused by
an increased open probability of the channel at positive
compared with negative voltages. Macroscopic currents
were measured under steady state conditions and in re-
sponse to voltage steps to relate the absolute open
probability of the channels to both the [cGMP] and
voltage. Assuming four cGMP binding reactions, the
experimental data can be described adequately with
both an allosteric and a sequential model with slight su-
periority of the allosteric model.
 
MATERIALS AND METHODS
 
Oocyte Preparation
 
Ovarian lobes were resected from 
 
Xenopus laevis
 
 under anesthesia
(0.3% 3-aminobenzoic acid ethyl ester, Ms-222) and transferred
to a Petri dish containing Barth medium containing (mM): 84
NaCl, 1 KCl, 2.4 NaHCO
 
3
 
, 0.82 MgSO
 
4
 
, 0.33 Ca(NO
 
3
 
)
 
2
 
, 0.41
CaCl
 
2
 
, 7.5 Tris-HCl, pH 7.4. Stage V and VI oocytes were isolated
mechanically or by incubation for 20–30 min in a Ca
 
2
 
1
 
-free Barth
medium containing 1 or 2 mg/ml collagenase. Within 2–7 h af-
ter isolation, RNA speciﬁc for the 
 
a
 
 subunit of the cGMP-gated
channel from rod photoreceptors (Kaupp et al., 1989; here re-
ferred to as cGMP-gated channel) was injected into oocytes
through glass micropipettes (15–20 
 
m
 
m diameter). The injected
volume was 30–50 nl containing either 
 
z
 
0.5 ng/
 
m
 
l RNA (single-
channel experiments) or 
 
z
 
50 ng/
 
m
 
l RNA (macroscopic cur-
rents). Oocytes were stored at 18
 
8
 
C overnight and defolliculated
manually 20–28 h after isolation. Oocytes were further incubated
for 3–7 d after injection at 18
 
8
 
C until experimental use. Before
patching, the vitelline membrane of the oocytes was mechani-
cally removed after exposing the cells to a hypertonic solution
containing (mM): 200 aspartate, 20 KCl, 1 MgCl
 
2
 
, 5 EGTA, 10
HEPES-KOH, pH 7.4.
 
Recording Technique
 
Skinned oocytes were transferred to the experimental chamber,
which was mounted on the stage of an inverted microscope. The
patch pipettes were pulled from borosilicate glass tubing. The
tips were coated with Sylgard 184
 
®
 
 (Dow Corning Corp.). The
bath and pipette solutions contained (mM): 140 KCl, 10 EGTA,
10 HEPES, pH 7.4.
Macroscopic currents were recorded with a conventional
patch-clamp technique (Hamill et al., 1981). The glass tubing
had an outer diameter of 2.0 mm and an inner diameter of 1.0
mm. The pipette resistance after ﬁre polishing was 2–3 M
 
V
 
. The
patches contained between several hundred and 2,000 active
channels generating currents of as much as 2 nA at 
 
1
 
100 mV.
Currents of such magnitude may generate signiﬁcant accumula-
tion and depletion of ions near the membrane (Zimmerman et
al., 1988). When working with the same solution at both sides of
the patch, a sensitive test for such concentration changes is to
step the voltage from remote values (e.g., 
 
1
 
100 mV) to 0 mV.
Any concentration change would then cause a transient rebound
current. We tried to keep the patch as close at the pipette tip as
possible by minimizing suction. Under those conditions, it was
possible to record ionic currents without noticeable rebound
current at 0 mV. Only such patches are included in this study.
Single-channel currents were recorded with a patch-clamp
technique with improved resolution using short (8-mm total
length) and thick-walled patch pipettes that were pulled from
borosilicate glass tubing with an external and internal diameter
of 2.0 and 0.5 mm, respectively. These pipettes were not ﬁre pol-
ished. The technique of preparation of the thick-walled pipettes
has been previously described in detail (Benndorf, 1994, 1995).
The resistance of the pipettes used here was 30–50 M
 
V
 
. The
thick-walled pipettes were used repeatedly by breaking the tips at
the bottom of the chamber (Böhle and Benndorf, 1994). The re-
sistance of broken pipettes was 10–35 M
 
V
 
.
All ionic currents through cGMP-gated channels were re-
corded in inside-out patches that were excised 
 
z
 
30 s after the
formation of a seal. The seal resistance exceeded 4 G
 
V
 
 with the
conventional patch pipettes and 50 G
 
V
 
 with the thick-walled
patch pipettes. cGMP-gated channels were activated by replacing
the bath solution with a bath solution containing 3
 
9
 
,5
 
9
 
-cyclic gua-
nosine monophosphate. Each excised patch was ﬁrst exposed to
a solution containing 700 
 
m
 
M cGMP to determine either the am-
plitude of the macroscopic current in macropatches or the num-
ber of active channels in single-channel experiments. Only
patches were accepted in which removal of cGMP caused com-
plete disappearance of channel activity.
Recording was performed with an Axopatch 200A ampliﬁer
(Axon Instruments). Single-channel recordings were ﬁltered on-
line at a cut-off frequency of 2 or 5 kHz and were further ﬁltered
to the indicated ﬁnal cut-off frequency with a Gaussian ﬁlter al-
gorithm. Macroscopic currents were ﬁltered at a cut-off fre-
quency of 10 kHz.
 
Data Acquisition and Analysis
 
Recording and analysis of the data was performed on a PC-80486
with the ISO2 software (MFK Niedernhausen). Single-channel
traces were sampled at 25 kHz, traces with macroscopic currents
were sampled either at 10 kHz (20, 70, and 700 
 
m
 
M cGMP, 12-bit
resolution) or 50 kHz (700 
 
m
 
M and 7 mM cGMP). Macroscopic
currents were corrected for leak and capacitive components by
subtracting respective currents in the absence of cGMP in the
bath solution. All macroscopic currents considered herein are av-
erages of 10–20 consecutive recordings.
Amplitude histograms were built either in a conventional way,
including all sampling points, or by using the variance-mean
technique described by Patlak (1988) to improve resolution. In
the latter case, transition points were eliminated by shifting a
window of deﬁned length along the traces, plotting the variance 
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as function of mean current within the window, and discarding
all original sampling points with variances above a deﬁned
threshold. The windows used here were 280 
 
m
 
s long. The thresh-
old variance was set to the variance of the background noise.
The ﬁts were performed with a derivative-free Levenberg-Mar-
quardt algorithm. Statistical data are given as mean 
 
6
 
 SD.
 
RESULTS
 
Outward Rectiﬁcation Is Caused by Voltage-dependent P
 
o
 
To test whether at low [cGMP] rectiﬁcation is caused by
a voltage-dependent incidence of sublevels at un-
changed 
 
P
 
o 
 
or by a voltage-dependent 
 
P
 
o
 
 at unchanged
single channel conductance, we recorded single-chan-
nel activity at high (70 
 
m
 
M) and low (7 
 
m
 
M) [cGMP]
(Fig. 1). At both [cGMP], the unitary current level was
similar. The corresponding amplitude histograms were
ﬁtted with sums of Gaussian functions. The ﬁt shows
that at 7 
 
m
 
M cGMP the channels operated with the
same conductance as at 70 
 
m
 
M. The same result was ob-
tained in three other patches. Smaller or larger levels
than the mean open level (sub- or superlevels, respec-
 
tively) were observed only extremely rarely. Therefore,
the higher degree of outward rectiﬁcation of the IV re-
lation at low versus high [cGMP] must be caused by a
voltage-dependent open probability at unchanged sin-
gle-channel current.
Fig. 2 A shows representative single-channel currents
at 7 
 
m
 
M cGMP at both 
 
2
 
50 and 
 
1
 
50 mV from a patch
containing at least three channels. Comparison of the
channel activity at the two voltages suggests two differ-
ences: at 
 
1
 
50 mV, the frequency of openings was in-
creased and longer events appeared more often than at
 
2
 
50 mV. The average currents (Fig. 2 A, top) indicate
noticeable outward rectiﬁcation. Amplitude histograms
showed only the fully open level at each voltage (not
shown). The open probability was evaluated in the fol-
lowing way: Gaussian curves were ﬁtted to the ampli-
tude histograms that contained all sampling points. The
ratio between the area under the open level peak and
the total area provides 
 
nP
 
o
 
; for the patch in Fig. 2, top, it
was 0.041 at 
 
1
 
50 mV and 0.026 at 
 
2
 
50 mV. The ratio
 
P
 
o,rel
 
 
 
5 
 
P
 
o
 
 (
 
1
 
50 mV)/
 
P
 
o
 
 (
 
2
 
50 mV) yields a relative mea-
Figure 1. Single-channel cur-
rents and corresponding ampli-
tude histograms in a patch con-
taining at least three CNG chan-
nels at 70 (left) and 7 (right) mM
cGMP. The patch was held at
150 mV. The individual traces of
500-ms duration were recorded
in intervals of 1 s. The ﬁnal cut-
off frequency was 1 kHz. The am-
plitude histograms were formed
with the variance-mean tech-
nique with a window width of 280
ms (seven sampling points). The
distributions were ﬁtted with
sums of either four or two Gauss-
ian functions. The respective sin-
gle-channel currents i and stan-
dard deviations s are indicated.
At 70 mM cGMP, the amplitude
histograms were formed from
consecutive traces, whereas at 7
mM cGMP only nonempty traces
were used. Signiﬁcant sublevel
openings were not present. 
480
 
Gating of Single Cyclic GMP–gated Channels
 
sure of 
 
P
 
o
 
 at 
 
1
 
50 mV with respect to that at 
 
2
 
50 mV (as-
suming that 
 
n 
 
is constant). 
 
P
 
o,rel
 
 was 1.6 for the example
shown in Fig. 2 A. The 
 
P
 
o,rel
 
 at 
 
6
 
50 mV favorably com-
pares with the ratio of the ensemble average currents
I
 
1
 
50
 
/I
 
2
 
50
 
 of 1.8. Together with the results of the previ-
ous paragraph, it has to be concluded that the pro-
nounced outward rectiﬁcation at low [cGMP] is prima-
rily caused by an increase of 
 
P
 
o
 
 at more positive voltages.
Fig. 2 B shows recordings at 700 
 
m
 
M cGMP from a
patch that contained only one active channel. From
amplitude histograms, 
 
P
 
o
 
 at 
 
1
 
50 and 
 
2
 
50 mV was cal-
culated to be 0.97 and 0.81, respectively; hence 
 
Po,rel
was 1.2. Since the single-channel current was only less
different at 150 than at 250 mV (0.90 6 0.17 vs. 0.84 6
0.17 pA), the moderate outward rectiﬁcation at saturat-
ing [cGMP] is also generated by the voltage depen-
dence of Po.
Gating Kinetics of Single CNG Channels as Function of 
Voltage and [cGMP]
The previous section suggests that a larger Po at positive
compared with negative voltages is caused by longer
and more frequent opening events. We therefore ana-
lyzed the open-time distribution at 650 mV as function
of [cGMP]. At 70 and 700 mM cGMP, only patches con-
taining one active channel were used, whereas at 7 and
20 mM cGMP, patches with several channels were used
for the analysis to obtain a sufﬁciently large number of
events. In these patches, the incidence of overlapping
opening events was below 5%, which only negligibly
modiﬁed the open-time distribution.
Fig. 3 shows open-time histograms of recordings
from two patches (7 and 700 mM cGMP; 650 mV). All
distributions were well described by the sum of two ex-
ponentials with contributions A1 and A2 and the time
constants to1 and to2, respectively. Consider the open
time distribution at 7 mM cGMP and 250 mV. The vast
majority of openings had a mean lifetime of roughly 1
ms; a small fraction [A2/(A1 1 A2) < 2%] of longer
events had a mean lifetime of roughly 5 ms. At 150 mV,
the mean open times of these two kinetically distinct
events were either unchanged or even slightly shorter,
but the channel opened more often and the longer
opening events occurred more frequently [A2/(A1 1
A2) < 4%]. In the presence of 700 mM cGMP, the life-
Figure 2. Voltage-dependent
activity of cGMP-gated channels
at 7 and 700 mM cGMP. The ﬁnal
ﬁlter frequency was 2 kHz. (A) 7
mM cGMP. The voltage was
stepped repetitively between
250 and 150 mV every 3 s. In
each 3-s interval, three traces
were recorded for 500 ms. The
patch contained at least three
channels. The corresponding en-
semble averaged currents (top,
calculated from 12 individual
traces each) show outward recti-
ﬁcation. (B) 700 mM cGMP. The
patch contained only one chan-
nel. Although the Po at 250 mV
is also smaller than that at 150
mV (for values see text) the de-
gree of outward rectiﬁcation is
lower than at 7 mM cGMP.481 Benndorf et al.
times of both short and long opening events were not
much different when Vm was 250 mV. Longer opening
events occurred roughly four times more frequently
[A2/(A1 1 A2) < 8%] than in the presence of 7 mM
cGMP at the same voltage. However, switching the volt-
age from negative to positive values at 700 mM cGMP
had a pronounced effect on gating kinetics: both to1
and to2 increased by roughly ﬁve- to sixfold and the
contribution of the longer openings increased dramati-
cally [A2/(A1 1 A2) < 21%].
Fig. 4 summarizes the results from nine similar ex-
periments at [cGMP] of 7, 20, 70, and 700 mM. In Fig. 4
A, the time constants for the fast (to1) and slow (to2) ex-
ponentials are plotted as function of [cGMP]. The ver-
tical lines connect data points of the same exponential
and from the same patch at 250 (squares) and 150
(circles) mV. At 7 and 20 mM [cGMP], to1 and to2 do
not signiﬁcantly depend on voltage. At the higher con-
centrations of 70 and 700 mM, both to1 and to2 are sig-
niﬁcantly larger at 150 than at 250 mV (not clearly vis-
ible in the diagram for to1 at 70 mM cGMP). The volt-
age-dependent increase of to1 and to2 at high [cGMP]
would suggest that the outward rectiﬁcation becomes
more pronounced at high rather than at low [cGMP],
assuming an equal number of openings at both volt-
ages. This contrasts with the experimental ﬁnding that
outward rectiﬁcation is steeper at low compared with
high [cGMP]. The resolution of this apparent contra-
diction is that channels at low [cGMP] open much
more often at 150 than at 250 mV. Since the evalua-
tion of the contributions A1 and A2 at low [cGMP] was
complicated by a variable number of channels in the
patches, we evaluated for equal time intervals at each
voltage the ratios A1 (150 mV)/A1 (250 mV) and A2
(150 mV)/A2 (250 mV). These ratios are independent
of the number of channels. Fig. 4 B shows a plot of
these ratios as function of [cGMP]. As anticipated, both
ratios are largest at the lowest [cGMP] and smallest at
the highest [cGMP]. At 7 mM cGMP, this implies that
the channels open much more often at 150 than at
250 mV. Furthermore, the ratio A2 (150 mV)/A2 (250
mV) is approximately twice as large as the ratio A1 (150
mV)/A1 (250 mV). At [cGMP] of 70 and 700 mM, both
ratios fall to values far below unity, indicative of a signif-
icantly smaller number of openings at 150 compared
with 250 mV. This matches the longer open times at
150 compared with 250 mV. From Fig. 4, three con-
clusions may be derived. (a) At high [cGMP], the low
number of openings at 150 compared with 250 mV
approximately compensates for the long openings.
This result explains why rectiﬁcation of the macro-
scopic current is weak. (b) At low [cGMP], to1 and to2
are independent of voltage, but the number of events
in the distribution of both the fast and the slow open-
ings considerably increases. The slow component A2 is
about twice as voltage dependent as the fast compo-
nent A1. The steep outward rectiﬁcation is therefore
solely caused by a signiﬁcant increase of the number of
openings at positive voltages. (c) The fact that a large
increase of to1 and to2 could be reached only at high
Figure 3. Open-time histo-
grams at 7 and 700 mM cGMP
and  150 and 250 mV each. The
data were obtained from a multi-
channel patch at 7 mM cGMP
and a single-channel patch at 700
mM cGMP. The distributions
were ﬁtted with sums of two
exponentials yielding the indi-
cated contributions An and open-
time constants tn. The combina-
tion of high [cGMP] and positive
voltage caused a dramatic pro-
longation of both time constants.
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[cGMP], and positive voltage implies a high degree of
coupling between cGMP binding and voltage-depen-
dent gating.
Although the single-channel analysis provided crite-
ria for appropriate kinetic models, the variability of the
single-channel data did not allow a more precise analy-
sis of the gating mechanism. We therefore performed
experiments in macroscopic currents.
Voltage-dependent Gating in Macroscopic Currents
Upon stepping the holding voltage of 2100 mV to posi-
tive test voltages, two current components were ob-
served at all [cGMP]: an instantaneous outwardly di-
rected current was followed by a time-dependent cur-
rent that increased to a new steady state level (Fig. 5).
When the voltage was returned to 2100 mV, an in-
wardly directed instantaneous current was followed by a
tail current that relaxed to the same current level as ob-
served before the depolarizing step. In terms of Po,
these observations may be interpreted as follows. The
amplitude of the instantaneous current at the begin-
ning of the test pulse is determined by Po at the holding
voltage, whereas the amplitude of the steady state cur-
rent at the end of the test pulse is determined by Po at
the test voltage. In addition, the time-dependent cur-
rent at the test voltage represents extent and kinetics of
channel gating from Po at the holding voltage to Po at
the test voltage (voltage-dependent activation). After
stepping back to the holding voltage, the amplitude of
the instantaneous current is determined by Po at the test
voltage, whereas the amplitude of the steady state cur-
rent is determined by Po at the holding voltage. Hence,
the tail current at the holding voltage represents the ex-
tent and kinetics of the channel gating when changing
from Po at the test voltage to Po at the holding voltage
(voltage-dependent deactivation). At the test voltage,
the amplitude ratio of the steady state current with re-
spect to the instantaneous current must equal the am-
plitude ratio of the instantaneous tail current with re-
spect to the steady state current at the holding voltage.
This ratio is deﬁned by how many times Po at the test
voltage is larger than Po at the holding voltage.
At 20 mM cGMP, the amplitude of the activating cur-
rent component was clearly larger than that of the in-
stantaneous current component, whereas at 7 mM
cGMP it was much smaller. This indicates a stronger ef-
fect of voltage on channel gating at low compared with
high [cGMP]. Fig. 5 also shows that the kinetics of the
activating and deactivating current component became
greatly accelerated at increased [cGMP], but was
largely independent of voltage (see also below).
Dose–Response Relation of Steady State Po at 1100 
and 2100 mV
To discriminate between different state models describ-
ing the gating of CNG channels, the relation between
the absolute Po and [cGMP] was determined. Because
in single-channel recordings determination of Po does
not provide the required accuracy, we measured the
Figure 4. Dependence of open times on [cGMP]. All data were
ﬁltered at 2 kHz. (A) Fast open time to1 and slow open time to2 of
single cGMP-gated channels as function of [cGMP]. Kinetic con-
stants were measured at 7, 20, 70, and 700 mM cGMP and at 250
and 150 mV. Parentheses indicate values at 7 and 70 mM, respec-
tively. 16–63 traces of 500-ms duration were analyzed. When
switching from 250 to 150 mV, both to1 and to2 increased at 70
mM cGMP and even more so at 700 mM cGMP, whereas at 7 and 20
mM cGMP, no statistically signiﬁcant increase of either to1 and to2
was observed. (B) Voltage-dependent incidence of the relative
contribution of fast and slow exponential in the open-time histo-
grams as function of [cGMP]. Plotted is the ratio An (150 mV)/An
(250 mV). At low [cGMP], A2 (150 mV)/A2 (250 mV) is larger
than A1 (150 mV)/A1 (250 mV), suggesting that the contribution
of the slow exponential is more inﬂuenced by voltage than that of
the fast exponential.483 Benndorf et al.
dose–response relation of Po in macroscopic currents
with three different methods as follows:
(a) At large Po, its exact value can be determined by
the analysis of stationary noise. The noise variance s2 is
related to the amplitude of the mean current I by:
(1)
where i denotes the single-channel current and n the
total number of channels. The single-channel current i
was determined from single-channel recordings, s2 and
I were determined from macroscopic currents. The
background noise variance was subtracted. These two
measurements then yield ni, the maximum current that
is obtained when all channels are open. The ratio I/(ni)
gives the Po at the respective [cGMP]. The contribution
of shot noise and Johnson noise to the total noise was
calculated to be negligible. For large values of Po, the
variability in the results was remarkably low. This is il-
lustrated by the dose–response relationship of Fig. 6 A,
where the small error bars (SD) are hidden in the re-
spective symbols for the data at 1100 mV/700 mM
[cGMP], 1100 mV/7 mM [cGMP], and 2100 mV/7
mM [cGMP]. The data at 2100 mV/700 mM [cGMP]
and 1100 mV/70 mM [cGMP] were also determined
with the noise analysis, albeit the SD was larger.
(b) The data points at 1100 mV/7 mM [cGMP],
2100 mV/7 mM [cGMP], and 1100 mV/20 mM
[cGMP] were obtained by recording ﬁrst the steady
state current in multichannel patches and thereafter at
1100 mV/700 mM [cGMP]. The amplitudes of the cur-
rents at the lower concentrations were normalized in
each individual patch with respect to the amplitude of
s
2 iI I
2 – n, ¤ =
the current at 700 mM [cGMP] measured in the same
patch. The mean was calculated at each concentration
and ﬁnal values in the diagram were obtained by con-
sidering that Po was 0.93 at 1100 mV/700 mM [cGMP].
(c) The data points at 2100 mV/70 mM [cGMP] and
2100 mV/20 mM [cGMP] were calculated from voltage
step protocols as shown in Fig. 5. As described in the
previous section, the amplitude ratios were formed
from the instantaneous current with respect to the
steady state current after stepping to 1100 mV and
from the steady state current with respect to the instan-
taneous current after stepping back to 2100 mV. Fi-
nally, the mean ratios at 20 and 70 mM [cGMP] were
multiplied with the values of the respective data points
at 1100 mV.
Fig. 6 A shows that at 2100 mV the dose–response re-
lation constructed in this way saturated at signiﬁcantly
lower Po and was slightly shifted to higher [cGMP] with
respect to the dose–response relation at 1100 mV.
Selection of Model and Fit to Steady State Data
The experimental data provide ﬁve constraints for a ki-
netic model. (a) Even at the highest [cGMP] (700 mM
or 7 mM) and the most positive voltage (1100 mV), Po
does not reach unity. This observation implies that
channels close by a reaction whose equilibrium is inde-
pendent of [cGMP]. (b) At 2100 mV, the maximal Po
value at saturating [cGMP] is considerably lower than
that at 1100 mV. A corollary of this observation is that
one voltage-dependent reaction must exist that follows
the binding of cGMP. (c) The effect of voltage on Po is
large at low [cGMP] and small at high [cGMP]. This re-
sult can be explained by coupling between the action
Figure 5. Voltage dependence
of macroscopic currents through
cGMP-gated channels at differ-
ent [cGMP]. Recordings at 20
and 70 mM cGMP were obtained
from one patch and at 700 mM
and 7 mM cGMP from another
patch. The membrane voltage
Vm was stepped from 2100 mV
to another voltage between 280
and  1100 mV in 20-mV incre-
ments. The duration and fre-
quency of pulses were either 50
ms and 2 Hz (20 and 70 mM
cGMP) or 4 ms and 10 Hz (700
mM and 7 mM cGMP), respec-
tively. Traces represent the aver-
age of 10–20 consecutive cur-
rent recordings. Each trace was
corrected for capacitive and
small leakage currents by sub-
tracting a current that was aver-
aged from 5–10 control traces re-
corded in the absence of cGMP.484 Gating of Single Cyclic GMP–gated Channels
of [cGMP] and voltage. (d) In a total of 24 experiments
similar to those illustrated in Fig. 5, the time course of
activation did not show any delay. This observation in-
dicates that only a single voltage-dependent reaction is
rate limiting for channel opening. (e) The channels
operate with only a single conductance.
With these constraints, two types of models are rea-
sonable: allosteric and sequential models. Scheme I il-
lustrates an allosteric model with four cGMP binding
reactions as used previously to describe gating of CNG
channels (Goulding et al., 1994). The opening reaction
was assumed to be voltage dependent. The rate con-
stant for an individual cGMP-dependent reaction is
given by m[cGMP]k1 with m 5 1…4. The reverse reac-
tion is given by (4 2 m 1 1)k2. The voltage-dependent
rate constants k3 and k4 were assumed to be k3,0exp
(0.5zFVm/RT) and k4,0exp (20.5zFVm/RT), respectively.
k3,0 and k4,0 are the rate constants at Vm 5 0 mV; F is the
Faraday constant, Vm the transmembrane voltage, R the
gas constant, T the absolute temperature, z the effective
gating charge, and f the allosteric factor. The value of
0.5 indicates a symmetric barrier for the voltage-depen-
dent reaction. This assumption is without relevance for
all ﬁts of steady state properties. T was 298 K. For the ﬁt
of the dose–response relations, the allosteric factor was
set to 10 because with our model this value predicts a
spontaneous Po (in the absence of cGMP) of 1024, simi-
lar to the measured value of 1.25 3 1024 (Tibbs et al.,
1997). The three free parameters were k1/k2, k3,0/k4,0,
and z. The curves in Fig. 6 A illustrate that the allosteric
model describes the data well, which also conﬁrms the
assumption of four cGMP binding reactions because
the number of binding sites determines the steepness
of the dose–response relation. The parameters were k1/
k2 5 2.00 3 104 M21, k3,0/k4,0 5 8.24, z 5 0.21.
Scheme II shows a corresponding sequential model
with four cGMP binding reactions in which the chan-
nel has to be fully liganded before a voltage-dependent
reaction causes opening (termed “G4O model”). The
meaning of all parameters and constants is the same as
in the allosteric model, apart from the absence of the
allosteric factor f. The sequential model equals the al-
losteric model in the limit that the allosteric factor
(SCHEME I)
Figure 6. Voltage and [cGMP] dependence of macroscopic current. (A) Dose–response relationships for the channel activation by
cGMP at 1100 and 2100 mV. The error bars indicate SD; for several conditions, SD is smaller than the size of the symbols. Three different
types of measurements were used to determine the dose–response relationships (see text). Each data point was calculated from 4–10 indi-
vidual experiments. The data points at the two voltages were simultaneously ﬁtted with the allosteric model (Scheme I; see text for param-
eters). (B) Po/Vm relationships at 20, 70, and 700 mM, and 7 mM [cGMP]. In the diagram, the data points at 2100 and 1100 mV were
taken from A. The data points for all other voltages were obtained from the instantaneous tail currents at 2100 mV after test pulses to the
indicated voltages at the abscissa (compare Fig. 5). The error bars indicate SD that was computed according to the error propagation law.
The curves provide the best simultaneous ﬁt to all data with the allosteric model (see text for parameters).485 Benndorf et al.
reaches inﬁnity. We tried to ﬁt the dose–response rela-
tions with sequential models including between two
and ﬁve cGMP binding reactions. Fits with similar qual-
ity as with the allosteric model were obtained with
the binding of three cGMP molecules (termed “G3O
model”) and four cGMP molecules, whereas the ﬁts
were worse with two and ﬁve cGMP molecules. The pa-
rameters from the ﬁt with the G4O model are k1/k2 5
2.65  3  104  M21,  k3,0/k4,0  5  7.95, z   5  0.22 (ﬁt not
shown).
To test whether the allosteric, the G3O, and the G4O
models correctly predict Po for voltages between 2100
and 1100 mV, we evaluated the amplitude of deactivat-
ing tail currents at 2100 mV, following respective test
pulses. Po was determined by relating the tail current
amplitude at 1100 and 2100 mV to the respective Po
values obtained above. This analysis was performed at
20, 70, 700 mM, and 7 mM cGMP (Fig. 6 B). The plot of
the data points as function of the test pulse voltage
shows that the voltage dependence was steepest in the
negative branch of the voltage range at high [cGMP]
and in the positive branch at low [cGMP]. These four
PoV relations were ﬁtted simultaneously with each of
the three models. The allosteric model (Scheme I),
which included the allosteric factor f as fourth free pa-
rameter, yielded k1/k2 5 1.9607 3 104 M21, k3,0/k4,0 5
7.84, z 5 0.23, f 5 10.24 (curves in Fig. 6 B). Interest-
ingly, the ﬁt converged with an allosteric factor close to
the value assumed above. A similarly reasonable ﬁt was
obtained with the G3O model (k1/k2 5 1.63 3 104 M21,
k3,0/k4,0 5 7.77, z 5 0.23). In contrast, with the G4O
model the predicted Po value was too small at positive
voltages and 20 mM cGMP. Assuming independent
binding of four cGMP molecules, this result shows that
the allosteric model is superior over the corresponding
sequential G4O model.
Determination of the Rate Constants
The ﬁt of the dose–response relations yielded only val-
ues for the ratios k1/k2 and k3,0/k4,0. The individual rate
constants of the voltage-dependent reaction (k3,0 and
k4,0) were determined as follows: at the saturating
[cGMP] of 7 mM (Fig. 3), it is reasonable to assume
that all channels are fully liganded. In our models, volt-
age-dependent activation should then obey a monoex-
ponential time course with the time constant t 5 1/(k3 1
k4). Fig. 7 shows normalized time courses of the activat-
ing component of current at 140 and 1100 mV and 7
(SCHEME II)
mM [cGMP] together with theoretical curves of best
ﬁts with a single exponential. Monoexponential func-
tions described the measured time courses adequately.
In all experiments, these time course were slower at
140 mV compared with 1100 mV. As time constants t,
we obtained 535 6 116 ms and t 5 436 6 41 ms (mean 6
SD; n 5 4), respectively. For the allosteric model, the
values of k3,0 and k4,0 were then calculated with k3,0/k4,0 5
7.84 and z 5 0.23 according to:
(2)
All symbols have the same meaning as described above.
From the t value at 1100 mV, we calculated k3,0 5 1.39 3
103 s21 and k4,0 5 1.67 3 102 s21. Similar values of the
rate constants k3,0 and k4,0 were obtained from the t
value at 140 mV. Similar values were also obtained for
the G3O and G4O models.
Knowing k3,0 and k4,0, we attempted to determine the
parameters k1 and k2, rather than their ratio, by simulta-
neously ﬁtting the allosteric model to current traces af-
ter voltage steps at three different [cGMP] (Fig. 8 A).
Although there was only one free parameter left, the ﬁt
did not converge and therefore did not allow us to de-
rive a unique set of rate constants. However, it did allow
us to estimate a lower limit for the rate constants k1 and
k2. A reasonable description of the measured traces was
obtained with k1 . 3 3 107 M21 s21 and k2 . 1.5 3 103
s21 (with k1/k2 , 22 3 104 M21). The consequence is
that for all tested [cGMP] between 20 mM and 7 mM,
neither the rate of cGMP binding nor that of cGMP un-
binding is limiting for the time course of voltage-
dependent activation and deactivation. Fig. 8 B shows
theoretical currents calculated with the allosteric
model;  k1 and k2 were set to 3 3 107 M21 s21 and 1.5 3
k30 ,    t { 0.115  FVm ´ RT ¤ ()  
0.115  FVm ´ RT ¤ – () 7.84]}
1 – . ¤ exp
+ exp [ =
Figure 7. Time course of the activation at saturating [cGMP] (7
mM). The activation time course was ﬁtted with a single exponen-
tial yielding the indicated time constants t. The measured current
at 140 mV was scaled to the current at 1100 mV.486 Gating of Single Cyclic GMP–gated Channels
103 s 21, respectively. The theoretical currents were
scaled with respect to the measured single-channel cur-
rent i at 6100 mV (dotted lines). Simulation of current
traces as shown in Fig. 8 A with both the G3O and the
G4O models yielded similarly reasonable results (not
shown).
DISCUSSION
Subconductance Levels
Previous studies reported the occurrence of sublevels
(Zimmerman and Baylor, 1986; Hanke et al., 1988;
Haynes et al., 1986; Ildéfonse and Bennett, 1991; Tay-
lor and Baylor, 1995; Ruiz and Karpen, 1997). In our
experiments, the incidence of sublevels was very low at
all [cGMP]; hence, sublevels cannot signiﬁcantly con-
tribute to macroscopic currents through the rod
cGMP-gated channel a subunit. This conclusion also
holds for the salamander rod cGMP-gated channel,
which maximally spends 5–10% of its time in a state of
small conductance of ,5–6 pS (Taylor and Baylor,
1995). Sublevels in the salamander channel occurred
more frequently at low [cGMP] and were virtually ab-
sent at [cGMP] . 50 mM (Taylor and Baylor, 1995).
The native rod cGMP-gated channel is composed of
two distinct subunits, a smaller a subunit and a larger b
subunit (Kaupp et al., 1989; Körschen et al., 1995). The
b subunit is also engaged in ligand binding (Brown et
al., 1993), pore formation, and gating (Chen et al.,
1994; Körschen et al., 1995), suggesting that cGMP-
dependent sublevels observed in the native channel are
imparted by the b subunit. Ruiz and Karpen (1997),
however, observe a high incidence of two sublevels that
contribute roughly 50% to Po of the heterologously ex-
pressed a subunit (see Fig. 3 b in Ruiz and Karpen,
1997). These authors also show that sublevels result
from channel species that have fewer than the maximal
number of four cGMP molecules bound. The reason
for the signiﬁcant differences between their and our
observations is not clear.
Voltage Dependence of Open Times
Changing the voltage at low [cGMP] primarily affects
the frequency of opening and the relative abundance
of longer open periods, whereas the two mean open
times are largely equal. The ﬁnding of two components
in the open-time distribution implies the existence of
at least two open states. In the modeling strategy, these
open states were lumped to one open state because of a
lack of stringent criteria on how to include these open
states in the model (see below).
At low [cGMP], and correspondingly small Po, the
open times were independent of voltage (Figs. 3 and
4). This result does not conﬂict with the voltage-depen-
dent gating described in the macroscopic currents be-
cause the relatively low degree of voltage dependence
found in the macroscopic currents (z 5 0.22) is hidden
in the variability of the open time histograms.
At high [cGMP], Po increased to large values. Chang-
ing then the voltage from negative to positive values in-
creased the mean open times dramatically and, con-
comitantly, decreased the frequency of openings. The
increase of the open times at high [cGMP] and positive
voltage cannot be explained by an unbinding reaction
of cGMP from the channel, which should be indepen-
dent of the [cGMP]. The most likely interpretation of
the prolonged open times at elevated [cGMP] is that
they result from unresolved closures due to an immedi-
ate reopening when the channel is fully liganded.
Hence, the rate constant of the voltage-dependent
opening reaction must be very rapid. In conclusion, the
Figure 8. Comparison of computed with measured currents at
three [cGMP] and voltage steps of 50-ms duration from 2100 to
1100 mV. (A) Measured currents. The currents at 70 and 700 mM
cGMP were recorded from the same patch. The current at 20 mM
[cGMP] was recorded from another patch and it was scaled with
the ratio of currents at 700 mM [cGMP] in the two patches. (B)
Computed currents. Po was calculated with the allosteric model
(Scheme I) and then scaled with the mean single channel current
(dotted lines; 21.6 pA at 2100 mV; 2.6 pA at 1100 mV). The pa-
rameters were: k1 5 3 3 107 M21 s21, k2 5 1.5 3 103 s21, k3,0 5 1.39 3
103 s21, k4,0 5 1.67 3 102 s21, z 5 0.23.487 Benndorf et al.
single channel experiments suggest a kinetic model in
which channel opening is the result of one or more
cGMP binding steps followed by at least one voltage-
dependent step. However, the variability of the single-
channel data did not allow us to derive stringent criteria
for modeling of the cGMP- and voltage-dependent gat-
ing. This was only possible with macroscopic currents.
Dose–Response Relation of the Absolute Po Obtained from 
Macroscopic Currents
A plot of the normalized current through CNG chan-
nels (response) as function of the [cGMP] (dose) is the
standard and most simple procedure to determine both
the [cGMP] of half maximum activation and the num-
ber of the cGMP molecules binding to a channel (for
review, see Kaupp, 1995; Finn et al., 1996). The exact
measurement of Po is not trivial. In the single channel
experiments, the accuracy is limited by the typical vari-
ability inherent in single-channel measurements. In
macroscopic currents, determination of Po  requires
knowledge of the limiting Po value at saturating
[cGMP]. We determined Po at saturating (and also
slightly lower) [cGMP] with stationary noise analysis be-
cause at high Po its value does not critically depend on
the exact value of the single-channel current I. The po-
sition of the dose–response relation at 2100 mV was de-
termined with respect to that at 1100 mV by evaluating
the instantaneous and steady state currents at one volt-
age (either 2100 or 1100 mV). In this way, the error in-
troduced by the uncertainty in the determination of the
IV relation of the single-channel current was avoided.
As a consequence, our dose–response relations for the
absolute value of Po at 1100 and 2100 mV provided
more constraints to discriminate among kinetic models
than normalized relations used previously.
Strategy of Modeling
In our modeling strategy, we tested an allosteric model
with four cGMP binding reactions (Scheme I) and two
sequential models containing three (G3O model) or
four (G4O model; Scheme II) cGMP binding reactions.
All three models ﬁtted the steady state dose–response
relations of the absolute Po at 1100 and 2100 mV
(compare Fig. 6 A) and they produced reasonable
time-dependent currents in response to voltage steps
(compare Fig. 8). However, when ﬁtting the PoV rela-
tions (Fig. 6 B), the allosteric and G3O models were su-
perior to the G4O model. Including furthermore that
CNG channels may open even in the absence of cGMP
(Tibbs et al., 1997) and that four a subunits, contain-
ing one cGMP-binding site each (Kaupp et al., 1989),
form one functional CNG channel (Gordon and Za-
gotta, 1995; Liu et al., 1996), the allosteric model seems
to be more adequate than each of the sequential mod-
els. Interestingly, the allosteric factor f was determined
to be very similar to that obtained from measurements
in the absence of cGMP.
With respect to the rate constants describing cGMP
binding (k1) and unbinding (k2), our models allowed us
only to determine the ratio k1/k2 and to estimate lower
limits for the absolute values. The reason for this indeter-
minateness is that in the case of rapid binding and un-
binding the activation time course is deﬁned by the rela-
tive occupancy of the last closed states before opening in
conjunction with the kinetics of the C Û O transition.
The ﬁnding of two open times, suggesting at least two
open states, was not included in our models because we
did not have sufﬁcient criteria to specify a model with
two open states. In all our models, to calculates to be 1/k4.
At 150 and 250 mV, the predicted values for to are 7.2
and 4.8 ms. Interestingly, these values approximately
match the range of the slow mean open time to2 in the
single-channel recordings. It may therefore be specu-
lated that the C Û O transition, whose closing reaction
generates to2, notably contributes to the voltage-depen-
dent activation. With respect to the fast closing reac-
tions corresponding to to1, one possibility is that the
open channel closes to an additional closed state, simi-
lar to a channel block.
For the allosteric model, we can exclude that the rate
constants of the transitions O4 Þ C4 and O5 Þ C5 cor-
respond directly to 1/to1 and 1/to2, respectively, be-
cause at saturating [cGMP], when only C5 Û O5 is oc-
cupied, the channel should open predominantly with
long openings, also at negative voltages. For the ﬁt of
the open time histograms (compare Fig. 4), this would
mean that A2 3 to2 .. A1 3 to1. This relation was not
observed.
Comparison with Previous Work
Linear state models were repeatedly used to interpret
gating of CNG channels (e.g., Tanaka et al., 1989; Gor-
don and Zagotta, 1995; Varnum et al., 1995). Voltage
dependence of this gating was studied in channels of
retinal rods by Karpen et al. (1988) who analyzed relax-
ation kinetics of macroscopic currents in response to
voltage steps. These authors proposed a linear state
model similar to the G3O model used here: during the
process of activation, three cGMP molecules sequen-
tially bind to the channel and only the fully liganded
channel may open by a voltage-dependent reaction.
Both the experimental results and several assumptions
used for modeling were different between the results of
Karpen et al. (1988) in native channels of salamander
rods and the present results in homooligomeric chan-
nels formed from a subunits only. (a) At all [cGMP],
the activation time course in the native channels was
severalfold faster than that in our currents. The reason
for this difference is not clear. Possible explanations
are: different subunit compositions (heterooligomeric488 Gating of Single Cyclic GMP–gated Channels
channels formed by a and b subunits versus homooli-
gomeric channels formed by the a subunit only) and
different species (salamander retinal rods versus bo-
vine a subunit). (b) We related our models to mea-
sured absolute values of steady state Po, whereas Karpen
et al. (1988) used relative currents with respect to the
current at saturating concentrations. (c) In the model
of Karpen et al. (1988), cGMP binding to the three
binding sites was not assumed to be independent. In
contrast, our model was based on the assumptions of
independent cGMP binding. To our knowledge, more
detailed experimental data to differentiate between the
cGMP-binding reactions are not available. (d) In the
model of Karpen et al. (1988), the entire voltage sensi-
tivity was attributed to the closing reaction, whereas we
used models with a symmetric barrier for the voltage-
dependent reaction.
In the case of experimental evidence for opening of
partially liganded channels, allosteric models are fa-
vored for interpretation (Ildéfonse et al., 1992; Gould-
ing et al., 1994; Varnum and Zagotta, 1996). These
models generally allow opening from all closed states
and the probability for opening increases in propor-
tion to the number of ligands bound. A special case of
such a model was used by Taylor and Baylor (1995) to
interpret single-channel data of CNG channels of sala-
mander rods: during the process of activation, three
cGMP molecules sequentially bind to the channel and
the channel may open in a voltage-dependent reaction
with either two or three cGMP molecules bound. In
contrast to Karpen et al. (1988), the entire voltage sen-
sitivity was attributed to the rate constant of the open-
ing reaction. It is noteworthy that the time constant of
relaxation at saturating [cGMP] was only 22 ms (Taylor
and Baylor, 1995). This value basically agrees with the
fast kinetics reported by Karpen et al. (1988) in the
same channels, but is much faster than the correspond-
ing activation kinetics observed in our homooligomeric
channels (t 5 535 ms at 140 mV). An explanation for
the faster activation time course in the native cells is
that they contain additional factors (possibly subunits)
that are not present in our experiments.
Interestingly, an allosteric model of the type used
herein was also successful to describe the gating of
large conductance Ca-activated K1 channels (Cox et
al., 1997). These channels show several structural and
functional similarities with the CNG channels: they be-
long to the same S4 helix–containing superfamily and
they are activated by both voltage and the binding of a
ligand to the COOH terminus. Though there is also an
essential difference in function (Ca-activated K1 chan-
nels can be activated by voltage nearly maximally even
in the absence of Ca21, whereas CNG channels can
practically not be activated in the absence of cGMP),
the usefulness of the allosteric model to describe gating
properties in both channel types suggests a uniform
gating process.
We thank Drs. S. Frings and R. Seifert for reading an earlier version of the manuscript. 
This work was supported by grants from the Deutsche Forschungsgemeinschaft (K. Benndorf) and the state of Nordrhein-
Westfalen (U.B. Kaupp).
Submitted: 8 March 1999 Revised: 26 July 1999 Accepted: 28 July 1999
REFERENCES
Bader, C.R., P.R. MacLeish, and E.A. Schwartz. 1979. A voltage-
clamp study of the light response in solitary rods of the tiger sala-
mander. J. Physiol. 296:1–26.
Benndorf, K. 1994. Properties of single cardiac Na channels at
358C. J. Gen. Physiol. 104:801–820.
Benndorf, K. 1995. Low-noise recording. In Single-Channel Re-
cording. 2nd ed. B. Sakmann and E. Neher, editors. Plenum Pub-
lishing Corp., New York, NY. 
Böhle, T., and K. Benndorf. 1994. Facilitated giga-seal formation
with a just originated glass surface. Pﬂügers Arch. 427:487–491.
Brown, R.L., W.V. Gerber, and J.W. Karpen. 1993. Speciﬁc labeling
and permanent activation of the retinal rod cGMP-activated
channel by the photoafﬁnity analog 8-p-azidophenacylthio-
cGMP. Proc. Natl. Acad. Sci. USA. 90:5369–5373.
Chen, T.-Y., M. Illing, L.L. Molday, Y.-T. Hsu, K.-W. Yau, and R.S.
Molday. 1994. Subunit 2 (or b) of retinal rod cGMP-gated cation
channel is a component of the 240-kDa channel-associated pro-
tein and mediates Ca21-calmodulin modulation. Proc. Natl. Acad.
Sci. USA. 91:11757–11761.
Cox, D.H., J. Cui, and R.W. Aldrich. 1997. Allosteric gating of a
large conductance Ca-activated K1 channel. J. Gen. Physiol. 110:
257–281.
Eismann, E., W. Bönigk, and U.B. Kaupp. 1993. Structural features
of cyclic nucleotide–gated channels. Cell. Physiol. Biochem. 3:332–
351.
Finn, J.T., M.E. Grunwald, and K.-W. Yau. 1996. Cyclic nucleotide–
gated ion channels: an extended family with diverse functions.
Annu. Rev. Physiol. 58:395–426.
Gordon, S.E., and W.N. Zagotta. 1995. Localization of regions af-
fecting an allosteric transition in cyclic nucleotide–activated
channels.  Neuron. 14:857–864.
Goulding, E.H., G.R. Tibbs, and S.A. Siegelbaum. 1994. Molecular
mechanism of cyclic-nucleotide–gated channel activation. Na-
ture. 372:369–374.
Hamill, O.P., A. Marty, E. Neher, B. Sakmann, and F.J. Sigworth.
1981. Improved patch-clamp techniques for high-resolution cur-
rent recording from cells and cell-free membrane patches.
Pﬂügers Arch. 391:85–100.489 Benndorf et al.
Hanke, W., N.J. Cook, and U.B. Kaupp. 1988. cGMP-dependent
channel protein from photoreceptor membranes: single-channel
activity of the puriﬁed and reconstituted protein. Proc. Natl. Acad.
Sci. USA. 85:94–98.
Haynes, L.W., A.R. Kay, and K.-W. Yau. 1986. Single cyclic GMP-acti-
vated channel activity in excised patches of rod outer segment
membrane. Nature. 321:66–70.
Ildéfonse, M., and N. Bennett. 1991. Single-channel study of the
cGMP-dependent conductance of retinal rods from incorpora-
tion of native vesicles into planar lipid bilayers. J. Membr. Biol.
123:133–147.
Ildéfonse, M., S. Crouzy, and N. Bennett. 1992. Gating of retinal
rod cation channel by different nucleotides: comparative study
of unitary currents. J. Membr. Biol. 130:91–104.
Karpen, J.W., A.L. Zimmerman, L. Stryer, and D.A. Baylor. 1988.
Gating kinetics of the cyclic-GMP–activated channel of retinal
rods: ﬂash photolysis and voltage-jump studies. Proc. Natl. Acad.
Sci. USA. 85:1287–1291.
Kaupp, U.B. 1995. Family of cyclic nucleotide gated ion channels.
Curr. Opin. Neurobiol. 5:434–442.
Kaupp, U.B., and W. Altenhofen. 1992. Cyclic nucleotide–gated
channels of vertebrate photoreceptor cells and olfactory epithe-
lium. In Anonymous Sensory Transduction. Rockefeller Univer-
sity Press, New York, NY. 133–150.
Kaupp, U.B., T. Niidome, T. Tanabe, S. Terada, W. Bönigk, W. Stüh-
mer, N.J. Cook, K. Kangawa, H. Matsuo, T. Hirose, et al. 1989.
Primary structure and functional expression from complemen-
tary DNA of the rod photoreceptor cyclic GMP-gated channel.
Nature. 342:762–766.
Körschen, H.G., M. Illing, R. Seifert, F. Sesti, A. Williams, S. Gotzes,
C. Colville, F. Müller, A. Dosé, M. Godde, et al. 1995. A 240 kDa
protein represents the complete b subunit of the cyclic nucle-
otide–gated channel from rod photoreceptor. Neuron. 15:627–
636.
Liu, D.T., G.R. Tibbs, and S.A. Siegelbaum. 1996. Subunit stoichi-
ometry of cyclic nucleotide–gated channels and effects of sub-
unit order on channel function. Neuron. 16:983–990.
Matthews, G. 1986. Comparison of the light-sensitive and cyclic
GMP-sensitive conductances of the rod photoreceptor: noise
characteristics.  J. Neurosci. 6:2521–2526.
Matthews, G., and S.-I. Watanabe. 1987. Properties of ion channels
closed by light and opened by guanosine 39,59-cyclic monophos-
phate in toad retinal rods. J. Physiol. 389:691–715.
Monod, J., J. Wyman, and J.P. Changeux. 1965. On the nature of al-
losteric transitions: a plausible model. J. Mol. Biol. 12:88–118.
Patlak, J.B. 1988. Sodium current subconductance levels measured
with a new variance-mean analysis. J. Gen. Physiol. 92:413–430.
Ruiz, M.L., and J.W. Karpen. 1997. Single-cyclic nucleotide–gated
channels locked in different ligand-bound states. Nature. 389:
389–392.
Stern, J.H., U.B. Kaupp, and P.R. MacLeish. 1986. Control of the
light-regulated current in rod photoreceptors by cyclic GMP, cal-
cium, and l-cis-diltiazem. Proc. Natl. Acad. Sci. USA. 83:1163–1167.
Tanaka, J.C., J.F. Eccleston, and R.E. Furman. 1989. Photoreceptor
channel activation by nucleotide derivatives. Biochemistry.  28:
2776–2784.
Taylor, W.R., and D.A. Baylor. 1995. Conductance and kinetics of
single cGMP-activated channels in salamander rod outer seg-
ments.  J. Physiol. 483:567–582.
Tibbs, G.R., E.H. Goulding, and S.A. Siegelbaum. 1997. Allosteric
activation and tuning of ligand efﬁcacy in cyclic-nucleotide–
gated channels. Nature. 386:612–615.
Varnum, M.D., K.D. Black, and W.N. Zagotta. 1995. Molecular
mechanism for ligand discrimination of cyclic nucleotide–gated
channels. Neuron. 15:619–625.
Varnum, M.D., and W.N. Zagotta. 1996. Subunit interactions in the
activation of cyclic nucleotide–gated ion channels. Biophys. J. 70:
2667–2679.
Yau, K.-W., and D.A. Baylor. 1989. Cyclic GMP-activated conduc-
tance of retinal photoreceptor cells. Annu. Rev. Neurosci. 12:289–
327.
Yau, K.-W., L.W. Haynes, and K. Nakatani. 1986. Roles of calcium
and cyclic GMP in visual transduction. In Fortschritte der Zoolo-
gie Bd. 33. H. Lüttgau, editor. Fischer Verlag, Stuttgart, Germany.
343–366.
Zimmerman, A. 1995. Cyclic nucleotide gated channels. Curr. Opin.
Neurobiol. 5:296–303.
Zimmerman, A.L., and D.A. Baylor. 1986. Cyclic GMP-sensitive con-
ductance of retinal rods consists of aqueous pores. Nature. 321:
70–72.
Zimmerman, A.L., and D.A. Baylor. 1992. Cation interactions
within the cyclic GMP-activated channel of retinal rods from the
tiger salamander. J. Physiol. 449:759–783.
Zimmerman, A.L., J.W. Karpen, and D.A. Baylor. 1988. Hindered
diffusion in excised membrane patches from retinal rod outer
segments. Biophys. J. 54:351–355.490 Gating of Single Cyclic GMP–gated Channels